The Bacillus subtilis strain VTT E-68013 was chosen for purification and characterization of its excreted phytase. Purified enzyme had maximal phytase activity at pH 7 and 55°C. Isolated enzyme required calcium for its activity and/or stability and was readily inhibited by EDTA. The enzyme proved to be highly specific since, of the substrates tested, only phytate, ADP, and ATP were hydrolyzed (100, 75, and 50% of the relative activity, respectively). The phytase gene (phyC) was cloned from the B. subtilis VTT E-68013 genomic library. The deduced amino acid sequence (383 residues) showed no homology to the sequences of other phytases nor to those of any known phosphatases. PhyC did not have the conserved RHGXRXP sequence found in the active site of known phytases, and therefore PhyC appears not to be a member of the phytase subfamily of histidine acid phosphatases but a novel enzyme having phytase activity. Due to its pH profile and optimum, it could be an interesting candidate for feed applications.
The Bacillus subtilis strain VTT E-68013 was chosen for purification and characterization of its excreted phytase. Purified enzyme had maximal phytase activity at pH 7 and 55°C. Isolated enzyme required calcium for its activity and/or stability and was readily inhibited by EDTA. The enzyme proved to be highly specific since, of the substrates tested, only phytate, ADP, and ATP were hydrolyzed (100, 75, and 50% of the relative activity, respectively). The phytase gene (phyC) was cloned from the B. subtilis VTT E-68013 genomic library. The deduced amino acid sequence (383 residues) showed no homology to the sequences of other phytases nor to those of any known phosphatases. PhyC did not have the conserved RHGXRXP sequence found in the active site of known phytases, and therefore PhyC appears not to be a member of the phytase subfamily of histidine acid phosphatases but a novel enzyme having phytase activity. Due to its pH profile and optimum, it could be an interesting candidate for feed applications.
Cereals, legumes, and oilseed crops are grown in over 90% of the world's harvested area. These crops serve as a major source of nutrients for humans and animals. An important constituent in these crops is phytic acid (myo-inositol hexaphosphate). The salt form, phytate, is the major storage form of phosphorus and accounts for more than 80% of the total phosphorus in cereals and legumes (27) . Phytases are enzymes capable of hydrolyzing phytic acid to less-phosphorylated myoinositol derivates. Monogastric animals, such as pig, poultry and fish, are not able to metabolize phytic acid, and therefore inorganic phosphate is added to their diets to satisfy the phosphorus requirement. This consequently contributes to phosphorus pollution problems in areas of intensive livestock production (1, 19, 20) . Phytic acid also acts as an antinutritional agent in monogastric animals by chelating various metal ions needed by the animal, such as calcium, copper, and zinc (5, 13, 14) . Therefore, the enzymatic hydrolysis of phytic acid into less-phosphorylated myo-inositol derivatives in the intestine of monogastric animals is desirable. Many attempts to enzymatically hydrolyze phytic acid have been made to improve the nutritional value of feed and to decrease the amount of phosphorus excreted by animals (12, 24, 32) . There have been reports of partially purified microbial phytase preparations from a variety of microbial species (4, 6, 7, 8, 10, 30, 33) , the best characterized being those from Aspergillus ficuum (34) and Aspergillus niger (3) . There are two previous reports on partial purification of phytase from Bacillus subtilis (26, 31) . Genes encoding fungal phytases from Aspergillus niger (3, 25, 36) , Aspergillus fumigatus (22) , Aspergillus terrus (16) , Myceliophthora thermophila (16) , Aspergillus nidulans (23) , and Talaromyces thermophila (23) have been cloned and sequenced. The only bacterial phytase cloned so far is the Escherichia coli gene appA, which encodes periplasmic phosphoanhydride phosphohydrolase (2) . However, due to the kinetic parameters, this enzyme should be designated a phytase (8) .
In the present study, we screened several food-grade bacterial strains belonging to the genus Bacillus for extracellular phytase production. Phytase from the strain showing the highest phytase production was purified and partially characterized, and the gene was cloned, sequenced, and recombinantly produced. Therefore, we report here the first cloned, sequenced, and recombinantly produced food-grade bacterial phytase.
MATERIALS AND METHODS
Chemicals and bacterial strains. Phytic acid, dodecasodium salt, was purchased from Sigma Chemical Co., St. Louis, Mo. Wheat bran was purchased locally (Melia Ltd., Raisio, Finland). All other chemicals were of the analytical grade commercially available. The following strains were obtained from the culture collection of the Technical Research Centre of Finland (VTT): Bacillus amyloliquefaciens VTT E-71014, VTT E-71015, VTT E-80124, and VTT E-90408; Bacillus coagulans VTT E-82150; Bacillus licheniformis VTT E-80117, VTT E-80118, VTT E-80119, and VTT E-83175; Bacillus stearothermophilus VTT E-81128, VTT E-81129, VTT E-84208, and VTT E-88318; and B. subtilis VTT E-68012, VTT E-68013, VTT E-70009, VTT E-83176, VTT E-83177, VTT E-83178, VTT E-84207, and VTT E-85178. E. coli XL-1 Blue MRFЈ and SOLRЈ (Stratagene, San Diego, Calif.) were used as a host for DNA manipulations and gene expressions. E. coli RV308 expression host was obtained from Kristiina Takkinen, Technical Research Centre of Finland. A. niger phytase Natuphos was obtained from Gist-brocades, Delft, The Netherlands.
Screening of Bacillus strains for phytase production. Strains were tested for phytase production in Luria broth, in Luria broth supplemented with phytate, and in wheat bran extract medium described by Powar and Jagannathan (26) . Samples were withdrawn from the culture media at different time points, cleared by centrifugation, and passed through a PD-10 gel filtration column (Pharmacia Inc., Uppsala, Sweden). These crude enzyme preparations were assayed for phytase activity as initially described by Shimizu (31) .
Purification of native phytase. All purification steps were carried out at 0 to 4°C unless otherwise stated. Bacteria grown on wheat bran extract were collected by centrifugation at 7,000 ϫ g for 30 min. CaCl 2 was added to a final concentration of 1 mM in the collected supernatant. The enzyme was precipitated by adding 3 volumes of cold (Ϫ20°C) ethanol with constant stirring. Stirring was continued for 45 min, and the precipitation was continued overnight. The precipitate was collected by centrifugation at 1,800 ϫ g for 20 min. The collected precipitate was washed once with cold (Ϫ20°C) ethanol and once with cold (Ϫ20°C) acetone. Excess acetone was evaporated under nitrogen gas flow. The drying was completed by lyophilization. Dried precipitate was dissolved in 100 mM Tris-HCl (pH 7.5) supplemented with 1 mM CaCl 2 , and then ammonium sulfate was added slowly with constant stirring to give 65% saturation. The solution was incubated overnight and centrifuged at 9,000 ϫ g for 60 min, and the supernatant was collected. Ammonium sulfate was added to the supernatant to give 85% saturation. The solution was incubated overnight. Precipitate was collected by centrifugation at 9,000 ϫ g for 60 min. The pellet was dissolved in 100 mM Tris-HCl (pH 7.5) supplemented with 1 mM CaCl 2 . Aliquots of enzyme preparation were stored at Ϫ20°C. For the enzyme assays in defined buffers, an aliquot of the enzyme preparation was thawed and passed through a PD-10 gel filtration column (Pharmacia) into an appropriate buffer. For the enzyme assays in wheat bran buffer systems, aliquots of enzyme preparation were passed through a PD-10 gel filtration column (Pharmacia) into a 100 mM Tris-HCl (pH 7.5) buffer supplemented with 1 mM CaCl 2 . The molecular weight was determined by using 8 to 25% gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; Pharmacia). The isoelectric point was determined with the same system by using PhastGel IEF 3-9 isoelectric focusing gels and the Pharmacia IEF calibration kit as the standard. Other protein samples were separated by SDS-12.5% PAGE as described by Laemmli (11) and stained with Coomassie brilliant blue. For sequencing purposes, final purification of the PhyC protein was performed by reversed-phase high-performance liquid chromatography (RP-HPLC) on a 0.21-by 10-cm (TSK Tosoh Corporation, Tokyo, Japan) TMS-250 (C 1 ) column by elution with a linear gradient of acetonitrile (3 to 100% in 60 min) in 0.1% trifluoroacetic acid. Chromatography was performed at a flow rate of 200 l/min, and the protein was detected by UV absorbance at 214 nm. The collected protein fraction was dried in a vacuum centrifuge and dissolved in 40 l of 6 M guanidine-HCl-2 mM EDTA-0.5 M Tris-Cl (pH 7.5).
Production of B. subtilis VTT E-68013 phytase in defined media. Alkylation, enzymatic digestion, and peptide separation. Dithiothreitol (5 mol) was added, and reduction was performed for 20 min at room temperature; this was followed by addition of 1 l of 4-vinylpyridine (Sigma). Alkylation was performed at room temperature for 15 min, followed by addition of 5 l of dithiothreitol (1 mol/l). The alkylated protein (about 15 g) was separated from the remaining reagents by C 1 RP-HPLC as described above, dried in a vacuum centrifuge, and dissolved in 50 l of 0.1 M Tris-Cl (pH 9.2); addition of 0.2 g of Lysylendopeptidase C (LysC; Wako GmbH, Neuss, Germany) followed. Digestion was performed overnight at 37°C. Generated peptides were separated by narrow-bore RP-HPLC on a 1.0-by 15-cm Vydac C 8 column (300Å, 5 m; LC-Packings, Amsterdam, The Netherlands). Elution was performed with a linear gradient of acetonitrile (0 to 40% in 120 min) in 0.1% trifluoroacetic acid. Peptides were monitored at 214 nm and automatically collected with a SMART system (Pharmacia Biotech, Uppsala, Sweden).
Mass spectrometry, protein N-terminal sequencing, and internal peptide sequencing. The collected peptides were subjected to MALDI-TOF (matrix-assisted laser desorption ionization-time of flight) mass spectrometry in the delayed extraction mode with a BIFLEX mass spectrometer (Bruker-Franzen Analytik, Bremen, Germany) by using a 337-nm nitrogen laser. A thin-layer matrix preparation with saturated ␣-cyano-4-hydroxycinnamic acid in acetone was used. One-half microliter of matrix was deposited on a stainless-steel target plate and allowed to dry, after which 0.5 l of sample was added on top of the matrix spot. External calibration was performed with insulin (human; Sigma) and cytochrome c (horse heart; Sigma). Protein N-terminal sequencing and internal peptide sequencing were performed with a Procise 494A sequencer (Perkin-Elmer Applied Biosystems Division, Foster City, Calif.).
Phytase activity assays. Enzyme assays were preformed as described by Shimizu (31) . One unit of enzyme activity was defined as the amount of enzyme hydrolyzing 1 mol of P i per min under assay conditions. The specific activity was expressed in units of enzyme activity per milligram of protein. Enzyme activity assays were performed in defined buffers and in a wheat bran buffer system as described below. All enzyme assays were run in duplicate. Defined buffers used in enzyme activity assays were as follows: 100 mM glycine (pH 3.0), 100 mM succinate (pH 5.0), 100 mM Tris-maleate (pH 5.0, 6.0, 7.0, and 8.0), 100 mM Tris-HCl (pH 7.5, 8.0, and 9.0). All buffers were supplemented with 2 mM sodium phytate and 1 mM CaCl 2 . Enzyme assays were performed in these buffers at five different temperatures (37, 45, 55, 65 , and 75°C). Six-hundred-microliter aliquots of buffer were preincubated at the relevant temperature for 5 min, and the enzyme reactions were started by adding 150 l of enzyme preparation. Since enzyme addition tends to affect the pH of the reaction mixture, the true pH of each assay mixture was measured at the beginning and at the end of the 30-min incubation. After 30 min of incubation, reactions were stopped with 750 l of 5% trichloroacetic acid and the released inorganic orthophosphate was measured as described previously (31) . The protein concentration of each enzyme preparation was measured with the Bio-Rad protein assay (Bio-Rad Life Science Group, Hercules, Calif.), and the specific activity of enzyme at the different pH and temperature levels was calculated.
Wheat bran extract used in the enzyme activity assay was prepared by dissolving 50 g of wheat bran in 500 ml of distilled water, followed by autoclaving at 121°C for 60 min. The extract was filtered through a cheesecloth, and the volume was adjusted to 500 ml with distilled water and clarified by centrifugation. The supernatant was adjusted to five different pH levels by HCl or NaOH additions (pH 3.0, 5.5, 7.0, 8.0, or 9.0), diluted 1:10 in distilled water, and supplemented with 2 mM sodium phytate and 1 mM CaCl 2 . Six hundred microliters of the wheat bran buffer described above was preincubated at the desired reaction temperature (37, 55, and 75°C), and the enzyme reactions were then run as described above.
Substrate specificity. Substrate specificity of the PhyC was determined by using the standard activity assay in 100 mM Tris-HCl (pH 7.5) supplemented with 1 mM CaCl 2 and 2 mM tested substrate. Besides phytic acid, ␤-glycerophosphate, D-glucose 6-phosphate, p-nitrophenylphosphate, ATP, ADP, AMP, fructose 1,6-diphosphate, 3-phosphoglyceric acid, bis-(p-nitrophenyl)phosphate, and ␣,␤-methyleneadenosine-5Ј-disphosphate were tested as substrates.
General DNA techniques. All PCRs were performed by using a PTC-255 DNA Engine (MJ Research Inc., Watertown, Mass.) and Taq polymerase (PerkinElmer, Roche Molecular Systems Inc., Branchburg, N.J.). On the basis of Nterminal and internal PhyC peptide sequences, several degenerate PCR primers were designed. PCR was performed with these primers by using B. subtilis VTT E-68013 DNA as a template at different annealing temperatures and at different magnesium concentrations. The following PCR protocol was chosen: premelting at 94°C for 4 min, followed by 30 cycles of melting at 92°C for 60 s, annealing at 50°C for 60 s, and extension at 72°C for 120 s in 2.5 mM magnesium. The largest PCR fragment was cloned into pCR 2.1 (Invitrogen, San Diego, Calif.) vector and sequenced. Southern blotting was performed as described by Sambrook et al. (29) by using the largest PCR fragment, labelled with digoxigenin (PCR DIG probe synthesis kit; Boehringer-Mannheim, Mannheim, Germany), as the hybridization probe. The nucleotide sequence of the phyC gene was determined with the ABI Prism Dye Terminator Cycle Sequencing kit with an ABI 377 DNA sequencer. Nucleotide and amino acid sequence homology searches were performed on National Center for Biotechnology Information (NCBI) databases by Blast searches.
B. subtilis VTT E-68013 genomic library construction. Partially EcoRI-digested genomic B. subtilis VTT E-68013 DNA was cloned into Lambda ZapII and packaged into lambda particles by using a Lambda ZapII/EcoRI/CIAP GigaPack Gold III cloning kit (Stratagene) as described in the recommendations provided by the manufacturer. Genomic B. subtilis VTT E-68013 library was screened with an EasyToHyb hybridization kit (Boehringer-Mannheim) as described in the recommendations provided by the manufacturer by using the largest PCR fragment, labelled with digoxigenin, as the hybridization probe. Positive lambda clones were cored and excised with ExAssist helper phage (Stratagene) to obtain phagemids. The phagemids obtained were transformed into SOLRЈ E. coli host cells (Stratagene), and plasmid DNA was purified with the Qiagen (Santa Clara, Calif.) plasmid kit and used in analysis of insert DNA and DNA sequencing.
Construction of clones overexpressing recombinant PhyC-His 6 fusion protein. The phyC gene fragment encoding mature enzyme was amplified by PCR with insertion of SphI and BglII sites at the 5Ј and 3Ј ends, respectively. Primers used were pBsf (5Ј CTCGCATGCTGTCCGATCCTTATCATTTTTACCG 3Ј) and pBsr (5Ј GGCAGATCTTTTTCCGCTTCTGTCGGTCAGTTC 3Ј). The amplified PCR fragment was purified with the QIAquick DNA purification kit (Qiagen) and cloned into SphI/BglII-cut pQE-70 expression vector harboring Cterminal His 6 tag (Qiagen) to generate plasmid pBsm. Another forward primer, pBssf (5Ј CGTTCAATTGAGGAGGAAGTAAAATGAATC 3Ј), with insertion of an MfeI site (compatible with EcoRI), was designed to amplify the phyC gene fragment with its natural signal sequence and ribosomal binding site. The reverse primer used in this amplification was the pBsr primer. The amplified PCR fragment was purified with the QIAquick DNA purification kit (Qiagen) and cloned into EcoRI/BglII-cut pQE-70 expression vector harboring C-terminal His 6 tag to generate plasmid pBss. Primer phytac(ϩ) (5Ј CGCGGATCCATGG CCCTGTCCGATCCTTATCATTTTACC 3Ј), with insertion of BamHI and NcoI sites, and primer phytac(Ϫ) (5Ј GCTAGTCTAGATTTTCCGCTTCTGT CGGTCAG 3Ј), with insertion of an XbaI site, was designed to subclone the mature phyC gene fragment into BamHI/XbaI-cut pUC19. The amplified PCR fragment was cut with XbaI and partially cut with NcoI due to the internal NcoI site in the phyC gene. Partially cut fragments were separated on agarose, and the NcoI/XbaI phyC fragment was cut from the gel and purified with the QIAquick DNA purification kit (Qiagen). Purified phyC NcoI/XbaI fragment was cloned into an NcoI/XbaI-cut pKKtac E. coli expression vector harboring C-terminal His 6 tag to generate pKKtacBs. The pBsm and pBss plasmids were transformed into XL-1 Blue MRFЈ as described by Hanahan (9) . Plasmid pKKtacBs was transformed into the CaCl 2 -competent E. coli RV308 expression host.
The pBsm and pBss transformants were grown in LB broth containing 100 g of ampicillin per ml, induced, and purified as described in QIAexpressionist (Qiagen) with growth and induction times varied and temperature as well as the amount of isopropyl-␤-D-thiogalactopyranoside (IPTG) used as an inducer to optimize expression. For pKKtacBs expression in RV308, an overnight culture was diluted 1:50 into fresh LB broth supplemented with 100 g of ampicillin per ml and grown at 37°C and 200 rpm until the A 600 was 1.0. IPTG was then added to 1 mM, and the culture was shifted to 30°C since the production level of the recombinant PhyC was found to be higher at 30 than at 37°C. After 1 h of induction, CaCl 2 was added to 1 mM to stabilize the enzyme produced. For production analysis, samples were withdrawn at various times after induction, cells were pelleted, and recombinant proteins from culture supernatant were purified and assayed for phytase activity. Purification was performed in the following manner: the sample was applied to a Ni-nitrilotriacetic acid matrix (Qiagen) and washed first with 50 mM Tris-HCl-300 mM NaCl (pH 8.0) supplemented with 1 mM CaCl 2 and then with 50 mM Tris-HCl-300 mM NaCl (pH 8.0) supplemented with 1 mM CaCl 2 and 20 mM imidazole. Recombinant protein was eluted with the same buffer except that the imidazole concentration used was 500 mM.
Nucleotide sequence accession number. The nucleotide sequence data reported in this paper has been deposited in the GenBank nucleotide sequence database under accession no. AF029053.
RESULTS

Screening of
Bacillus strains for phytase production. Twenty-one strains from the genus Bacillus were tested for extracellular phytase production in Luria broth, in Luria broth supplemented with phytate, and in wheat bran extract medium. None of the strains produced phytase activity in the Luria broth, whether or not it was supplemented with phytate (data not shown). However, in the wheat bran medium, two B. amyloliquefaciens strains and one B. subtilis strain produced significant amounts of phytase activity. The amount of inorganic phosphate released per cell density (A 600 ) during the cultivation of these three strains is shown in Fig. 1 . The B. subtilis strain VTT E-68013 showed the highest phytase activity production and was therefore chosen for phytase enzyme production.
Induction studies. Induction studies were carried out to exclude the possibility that the phytase was readily expressed in phytate-containing media other than wheat bran medium but became instantly and irreversibly inactivated or proteolytically cleaved when secreted to media other than wheat bran. Strain VTT E-68013 was cultivated in a wheat bran extract, Luria broth, Luria broth supplemented with 10 mM phytate, and Luria broth supplemented with 2% bovine serum albumin in order to protect the produced phytase from possible proteolysis. After different time points, samples were withdrawn and assayed for phytase activity. After 50 h of cultivation, when phytase activity was at its highest in wheat bran extract but still no activity was detected in Luria broth, samples of cleared culture media were subjected to SDS-PAGE. At this point of cultivation, cells from each cultivation were examined under the microscope and observed to be undergoing sporulation. No phytase band was detected for any Luria cultivation (Fig. 2) , verifying that these media did not support phytase enzyme production even in an inactive form. It was clear that phytate did not induce phytase production but instead proved to repress protein expression of B. subtilis VTT E-68013 since the major ca. 58,000 band (most likely amylase) and other bands detected in other cultivation media were barely detectable although cell densities (A 600 s) in each cultivation were about the same.
To verify that the phytase enzyme was not proteolytically cleaved by excreted proteases in Luria broth, purified phytase was incubated with Luria broth spent medium. There was no drop in phytase activity after 1 h of incubation with Luria broth spent medium at 37°C, indicating that phytase was not cleaved by proteases excreted by B. subtilis VTT E-68013.
B. subtilis VTT E-68013 was also grown on defined media. Minimal medium containing inorganic phosphate as well as phytate did not induce phytase production, but defined medium in which phytate was the sole source of phosphate (phytase screening medium; see Materials and Methods) induced phytase production.
Production and purification of native phytase. Phytase proved to be very sensitive to commonly used chromatographic purification methods such as ion exchange and gel filtration. The enzyme required CaCl 2 in all purification steps to maintain activity and lost activity if EDTA was used in buffers. A combination of purification by ethanol and ammonium sulfate precipitation proved to be the best purification method and was therefore used to purify protein for enzyme characterization. The purification of phytase is described in Table 1 . Redissolved pellet from 85% ammonium sulfate precipitate with high phytase protein purity, but not optimum specific activity, was used in all enzyme characterization experiments described and, after further purification (described in Materials and Methods), was used in N-terminal and internal peptide sequencing. Phytase purification was monitored by SDS-PAGE as shown in Fig. 3 .
Chemical and physical characteristics and substrate specificity of the purified phytase. The molecular mass of the mature PhyC was 43 kDa as determined by SDS-PAGE (Fig. 3) . The determined molecular mass was 5 kDa more than that of the phytase purified from B. subtilis (natto) N-77 described by Shimizu (31) . The isoelectric point of PhyC was 6.5 as deter- 
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A NOVEL PHYTASE FROM BACILLUS SUBTILIS 2081 mined by isoelectric focusing (data not shown). PhyC proved to be highly specific for phytate, hydrolyzing in addition to phytate only ATP and ADP (50 and 75% of the activity with phytate, respectively) of the substrates tested (see Materials and Methods). Effect of pH and temperature on the phytase activity. The activity of native PhyC was determined at different pHs and different temperatures as described in Materials and Methods. During the reaction, the changes in pH proved to be insignificant whether the reaction was performed in defined buffer or in wheat bran extract. The final pHs were plotted, and these were within 0.3 pH unit of the initial pH. Figure 4 shows the effect of pH on phytase activity in defined buffers at different temperatures (for clarity, only data for temperatures of 37, 55, and 75°C are shown). The optimum temperature proved to be 55°C. Irrespective of the reaction temperature, PhyC showed the highest phytase activity at neutral pH.
We also determined the PhyC pH activity profiles in a wheat bran buffer system because it is likely to provide an environment somewhat closer to that encountered in feed applications. The optimum pH and temperature as well as the pH profiles as a whole in the wheat bran extract buffer system proved to be very similar to those determined in defined buffers.
To compare PhyC to commercially available fungal phytase used in feed applications, the pH activity profile of Natuphos (an A. niger phytase) was also determined. Figure 5 shows the pH activity profiles of PhyC and Natuphos in a wheat bran buffer system at 55°C (optimum temperature of Natuphos as well). Figure 5 clearly shows that PhyC is functional at neutral pH whereas A. niger phytase is completely inactive.
N-terminal and internal peptide sequencing and degenerate primer design. The sequence of 25 amino acid residues was obtained from protein N-terminal sequencing. A total of nineteen RP-HPLC-purified internal peptides from alkylated, LysCdigested PhyC was sequenced. The molecular weights of the peptides were measured with a mass spectrometer and compared with calculated molecular weights. LysC digestion was also performed on nonalkylated PhyC; this was followed by RP-HPLC purification of peptides. There was no difference between RP-HPLC results for alkylated and nonalkylated LysC-digested PhyC, indicating the absence of sulfur bridges. Fourteen sequenced internal peptides including the N-terminal peptide showed no overlap with one another and gave a total of 227 amino acid residues. On the basis of these peptide sequences, degenerate primers for PCR were designed. All sequenced peptides and the degenerate primers designed are shown in Table 2 .
Molecular cloning and nucleotide sequence of the gene encoding PhyC. PCR was performed with designed degenerate primers by using genomic B. subtilis VTT E-68013 DNA as the template. Under PCR conditions described in Materials and a One unit is defined as the amount of enzyme required to liberate 1 mol of P i per min under assay conditions. The specific activity is expressed in units of enzyme activity per milligram of protein in an activity assay.
Methods, nine reverse primers amplified a single fragment with the forward primer 6465. Primers 6465 and 6470 amplified the largest PCR fragment, which was cloned to a pCR 2.1 vector and sequenced. This resulted in determination of the partial phytase gene sequence of 989 bp. This partial gene fragment was translated into an amino acid sequence, revealing an open reading frame of 330 amino acid residues, and corresponded to the peptide sequences obtained from N-terminal and internal peptide sequencing of purified PhyC. A total of 14 peptides were found in the translated amino acid sequence. Southern hybridization revealed two fragments of 6 and 2.4 kbp, respectively. The genomic B. subtilis VTT E-68013 library was screened, and positive clones carrying 6 and 2.4 kbp inserts were obtained. Sequences from these clones were determined by using both vector-specific and gene-specific primers. The sequence of the phyC gene, the deduced amino acid sequence, putative Ϫ35 and Ϫ10 sequences, a ribosomal binding site, and a transcription terminator are shown in Fig. 6 . The Ϫ35 sequence was the consensus sequence for Bacillus expression. However, the Ϫ10 sequence was not similar to anything listed (17) , suggesting a specific sigma factor. The stop codon (TAA) is followed by a sequence of dyad symmetry (18-nucleotide perfect repeat) which could form a stem-loop structure and therefore be a transcription terminator. The putative ribosomal binding site is 9 nucleotides in length, contains a canonical GGAGG consensus sequence, and is optimally spaced from the start codon (37) .
Deduced amino acid sequence of PhyC. The primary amino acid sequence deduced from the nucleotide sequence of the phyC gene revealed a fragment of 383 amino acid residues after putative ribosomal binding. The putative signal peptide cleavage site according to Nielsen et al. (21) is located between residues 26 and 27 (SQA-KH). The N-terminal sequence analysis of the purified protein would indicate that the first 29 amino acids are cleaved, but it is possible that the first 26 amino acids are a true signal peptide since the first 26 amino acids closely match the consensus of secreted proteins. Residues 27 to 29 might be analogous to a propeptide because of the positively charged residues (KHK). However, three amino acids would be very short for a propeptide (18) . The molecular masses of PhyC preprotein and mature PhyC as deduced from the amino acid sequence were ca. 41.9 kDa and ca. 39 kDa (i.e., without the first 29 residues), respectively. The deduced amino acid sequence was compared to the NCBI protein database by Blast search. The only sequence with homology to PhyC was a hypothetical open reading frame (73% amino acid identity and 86% amino acid similarity to PhyC) from sequence analysis of the B. subtilis chromosome region between the odhAB and sspC loci cloned in a yeast artificial chromosome (38) . This hypothetical open reading frame is identical to a hypothetical partial open reading frame (orf181) from the B. subtilis cgeAB gene cluster region (28) .
Overexpression and purification of recombinant PhyC-His 6 fusion proteins. The phyC gene fragment encoding mature PhyC (clone pBsm) as well as a fragment encoding mature PhyC with its own signal peptide (clone pBss) was cloned into an overexpression vector, pQE-70, as a C-terminal His 6 tag fusion protein, under the control of T5 promoter as described in Materials and Methods. The pBsm clone overexpressed a fusion protein which had the same molecular mass as native, mature protein as determined by SDS-PAGE (data not shown). No active form was obtained from this construct under the expression conditions tested. It appeared that the fusion protein encoded by the pBsm construct was toxic to E. coli, since the growth rate of the expression strain XL-1 Blue MRFЈ harboring plasmid pBsm after induction was significantly lower than that of the strain carrying the vector alone. This is possibly due to the ATPase and ADPase activities of PhyC enzyme. Furthermore, more than 90% of the expressed fusion protein was found in the insoluble cytoplasmic fraction resulting from the formation of inclusion bodies. Likewise, no active enzyme was obtained with the pBss construct that was designed to direct the fusion protein to the periplasmic space by using the natural signal peptide of PhyC. A fusion protein encoded by pBss construct having a molecular mass about 3 kDa larger than that of the nonrecombinant protein as determined by b Sequences of LysC-digested purified peptides, the first one being the N-terminal peptide. The region from which the degenerate primer was designed is underlined. c Designed degenerate primers, the first one being the forward primer and the others being reverse primers. I, inosine. All primer sequences are written in 5Ј33Ј direction.
SDS-PAGE was also found in the insoluble cytoplasmic fraction, indicating that the PhyC signal peptide was not able to direct fusion protein to the periplasmic space of the E. coli host strain (data not shown). However, the pKKtacBs construct, in which the phyC gene fragment encoding the mature enzyme was cloned downstream of a pectate lyase (pelB) signal sequence from Erwinia carotovora, overexpressed a fusion protein in an active form to the culture medium of E. coli RV308 host. The highest phytase activity was obtained after 20 h of induction at 30°C. The fusion protein was purified from the culture medium as described in Materials and Methods. It had the same molecular mass as that of the native, mature protein as determined by SDS-PAGE (Fig. 2) , and it also showed the same pH and temperature optima and the same substrate specificity.
DISCUSSION
The chemical, physical, and enzymatic characteristics of the purified PhyC as well as the requirement for calcium and the inhibition by EDTA suggest that this phytase is similar to the phytase from B. subtilis (natto) N-77 described by Shimizu (31) and that from B. subtilis described by Powar and Jagannathan (26) . It could be assumed that the phytase gene is present in the genome of B. subtilis since DNA sequences homologous (67% on a DNA level) to phyC from other B. subtilis strains have been reported (28, 38) . B. subtilis VTT E-68013 is not likely very close to B. subtilis 168 since another gene cloned from the same genomic B. subtilis VTT E-68013 library proved to be only 80% identical to the corresponding gene from B. subtilis 168 on a DNA level (15) .
The fact that commonly used defined and complex media containing inorganic phosphate in the presence or absence of phytate did not induce the production of PhyC from B. subtilis VTT E-68013 suggests that synthesis of PhyC is not upregulated only by phytate itself. However, phytate as a sole source of phosphate induced PhyC production. This finding suggests that PhyC production is induced only when inorganic phosphate is a limiting factor.
All cloned and sequenced microbial phytases have significant homology to each other, and their active sites show remarkable homology to the active site residues of the members of a particular class of acid phosphatases (histidine acid phosphatases), therefore forming the phytase subfamily of histidine acid phosphatases (16, 23, 35) . The deduced amino acid sequence of PhyC did not have homology to the sequences of any phytases nor to those of any phosphatases listed in the databases. Most of all, PhyC did not have the RHGXRXP sequence which is the most conserved sequence in the active site of cloned phytases (35) ; thus, PhyC is not a member of the phytase subfamily of histidine acid phosphatases but is a novel enzyme having a phytase activity.
The inhibition of PhyC by EDTA and the requirement for calcium indicate the presence of a metal, most likely calcium, in the enzyme. We are currently working on identification of this metal, something that is important to know if the PhyC enzyme is to be used in animal feed applications.
